Abstract Environmental flow provisions are a legal obligation under South Africa's National Water Act (1998) where they are known as the "ecological reserve", which is now being realized in river operations. This article presents a semi-quantitative method, based on flow-duration curve (FDC) analysis, used to assess the compliance of the Crocodile (East) River with the reserve in an historical context. Using both monthly and daily average flow data, we determine the extent and magnitude of non-compliant flows against environmental water requirements (EWRs) for three periods (1960-1983, 1983-2000, and 2000-2010). The results suggest a high degree of noncompliance, with the reserve increasing with each of these periods (14%, 35%, and 39% of the time), respectively, where effects were most pronounced in the low-flow season. The results also suggest that, whilst the magnitudes of reserve infringements for the latter period are relatively high, there appears to have been some improvement since the implementation of the river's operating rules.
INTRODUCTION
There is a large body of supporting evidence which suggests that modifications to streamflow regimes induce ecological alterations in freshwater ecosystems; thus, there is a need for environmental flow management in flow-altered rivers (Poff 2009 ). In turn, there is a need to mimic the components of a river's natural flow variability, taking into consideration the magnitude, frequency, timing, duration, rate of change, and predictability of flow events (Arthington et al. 2006) . Quantifying this environmental flow requirement (EWR), or "ecological reserve" as it is termed in South Africa, is about determining the water quantity and quality requirements of rivers, estuaries, wetlands, and aquifers to ensure that they are sustained in a predetermined condition (Hughes 2001) . In order to achieve this, some basic approaches are used to mimic natural flow regimes, for instance, from "reference" streams in a region. The alternative is to model a river's natural flow prior to the period when land-use and management actions in the catchment modified its flow. In both cases, the objective is to then extract ecologically meaningful flow variables from the resulting hydrograph that captures the river's natural flow variability.
Meanwhile, the evaluation of success is critical when implementing environmental flows to ensure given flow conditions are adequate to conserve the river ecosystem. As a result, the health of the river must be monitored (Acreman 2004) . Two key players in this monitoring are the decision-makers, who balance the needs of abstractors with those of the environment, and the scientists, who research the relationships between river flows and the health of the aquatic ecosystems. Stakeholder participation in decision-making is also becoming more widespread, and is also a legal requisite in South Africa, where a range of interested parties, from abstractors to conservationists and local community representatives, play a key role in influencing decisions (Acreman 2005) . It is critical, therefore, that this shared decision-making is based on sound data relating to the status of the water resource, through which the environmental flow monitoring will then form a key operational component of river management. To this end, trade-offs for various uses in terms of river basin water allocation, including environmental flow provision, have to be assessed. This process then allows a basin development level to be agreed upon, which then becomes the desired state for the river condition. The subsequent flow regime, accounting for abstractions to meet the prescribed river basin development and water utilization scenario, then becomes the environmental flow. The implementation of the specified flow regime is the critical next step. Should this fail, then all the scientific, legislative, and other developments to achieve the desired river state also fail (King and Brown 2006) .
In South Africa, environmental flow monitoring and subsequent adaptive management of water resources are in their early stages, but do serve two key purposes: first, to ascertain that the agreed-upon flow is being delivered to selected control points along the river; second, to ensure that the chosen flow regime is achieving the desired ecological state. Secondary purposes include an assessment of whether scientific prediction of ecological state changes is accurate, as well as providing metrics of sustainability to a catchment water manager. The incorporation of monitoring within an adaptive management framework is important for making decisions in an uncertain knowledge environment where there is a risk of continually making the same poor management decisions (King and Brown 2006) .
In the past the environmental flow requirements of South African rivers were determined according to the Building Block Method (BBM; King and Louw 1998) . As South African natural flow regimes have long been recognized as being highly variable, the BBM process defines a set of blocks that can be considered to apply during "normal" years (referred to as the "maintenance" requirements), as well as a set that should be applied during drought years ("drought" requirements), Hughes (2001) . These led to the adoption of the in-stream flow requirements (IFRs), which represent monthly values of daily average flow requirements, or tables of monthly "building blocks". However, Hughes (1999) emphasized that these are not sufficient for incorporating into the type of water resource systems models that are used in South Africa. The main drawback of the IFR is that, while the structure and definition of the building blocks imply variations in required flows over time, they do not provide temporally dynamic information on the frequency of occurrence, or assurance levels, of the different flows. Problems related to catchment scale, and variations in the relative magnitudes of low and high flows, even between closely adjacent catchments, are avoided by dealing with flow-duration curves (FDCs) instead of actual flow values. A FDC is a very informative method for displaying the full range of river discharges from low flows to flood events. It is a relationship between any given discharge value and the percentage of time that this discharge is equalled or exceeded (Smakhtin 2001) .
This has led to the more recent adoption of EWR FDCs, which account for the ecological "building blocks" of flow by providing the variability and frequency information required for implementation in operational river management in South Africa. Hughes and Hannart (2003) detail the Desktop Reserve Model, which provides a low-confidence initial determination of environmental flow requirements. This uses regional parameters for South African catchments utilizing components of the BBM into continuous calendar month assurance rules, or frequency curves. These rules account for, and distinguish between, both high and low flows, as well as maintenance and drought year flow requirements. Use of the Desktop Reserve Model is usually a key component of comprehensive reserve determinations combining site-specific ecological assessment with an expected hydrological regime. Environmental flows in South Africa are managed according to specified river ecological classes, of which there are four (A-D): where "A" refers to a condition that is largely natural, while "D" assumes a largely modified condition where there is a large loss of natural habitat, biota, and basic ecosystem functioning (Hughes 2001) . The South African Department of Water Affairs (DWA) is currently gazetting Management Classes (MC), of which there are three, under its Water Resource Classification System (WRCS), where the environmental flows will be set according to Resource Quality Objectives (RQOs) in all Water Management Areas (WMA). At the time of writing, these MCs had not been set for the Inkomati WMA, where the presently prescribed environmental flows are termed "preliminary reserves", which are purely related to a specific ecological class of river. These preliminary reserves are used in the analysis presented herein, as they have also been used in the process to operationalize the reserve in this WMA. The objectives of this study were two-fold:
(a) Develop a non-intensive desktop methodology for retrospective assessment of the performance of a river in meeting a prescribed EWR, referred to hereafter simply as "compliance". (b) Use the approach to explore catchment management factors, in the broadest possible sense, that have fostered the extent (% time in a period), magnitude (volumetric infringements), and contiguity of "non-compliant" flows.
Whilst the EWRs in South Africa are set for the full range from low (baseflow) to high (flood peak) flows, the scope of this article assesses the low-flow component only. This is because the rivers in northern South Africa are strongly seasonal, where the constraints on meeting the reserve are suspected to be greatest in the low-flow/dry winter months (May-September) when demand on the water resource may be proportionally greater than in wet summer months. . Dominant land use in the catchment is dryland crops (maize) and grazing in the highveld region, exotic plantation (pine, eucalyptus) in the central escarpment region, and irrigated agriculture (sugarcane, vegetables, and citrus) in the lowveld region. By far the largest water use occurs in the lowveld (DWAF 2009). The Kruger National Park (KNP) conservation area also forms part of the eastern Crocodile catchment. The water resource infrastructure is considered to be extensively developed due to large urban centres such as Nelspruit, as well as semi-urban former "homelands" (or Bantustans, the name given to ethnically separate enclaves within the borders of the Republic of South Africa, into which the majority of the African population was moved under the apartheid regime between 1948 and 1990) .
The large existing demands and further anticipated expansion in use, via municipal supply and emerging previously disadvantaged farmers, mean that the catchment is already highly stressed and running into deficit ).
Furthermore, this increasing pressure to allocate scarce resources is a cause for concern in meeting the EWRs of the river (McLoughlin et al. 2011) . Importantly, this concern is confounded by the recently recalculated natural hydrology for the Crocodile River, which suggests that mean annual runoff is between 7% and 14% lower than previous estimates (DWAF 2009). Hence, the yield from the catchment available to emerging uses is likely to run into deficit much earlier than expected.
Catchment management historical context
Carmo Vaz and van der Zaag (2003) and have provided overviews of the history of water resources management for the Incomati basin as a whole. In the context of the Crocodile River sub-catchment, we suggest three distinct geopolitical and socio-economic periods that are used as the basis for the analysis presented here:
(a) 1960-1983: Represents a period of increasing water resources development throughout the catchment both for agriculture and municipal supply (this is also the era of homeland creation). Catchment management is facilitated by river system operations via the Inkomati Catchment Management Agency (ICMA), who are mandated to manage the river according to IWRM principles enshrined in the NWA (1998). The Kwena Dam in the upper catchment is the only large dam on this system, but is crucial for assuring supply to downstream farmers (45% of demand, ICMA 2010) and provision of environmental flow and basic human needs requirements (23% of demand, ICMA 2010). The Crocodile (East) River is also managed to ensure provision of 45% cross-border flows into Mozambique (55% is met by the Komati River through dual operation of Driekoppies and Maguga dams by the Komati Basin Water Authority, KOBWA), according to the total 2.6 m 3 s -1 required to meet the minimum agreed flows at Ressano Garcia that enter Mozambique from South Africa, as stipulated in the IIMA (TPTC 2010).
METHODS

Assessment of non-compliance using the EWR
The assessment of compliance/non-compliance with the ecological reserve in the Crocodile (East) River required the identification of a driver site for analysis. In this case the most downstream EWR (or ecological reserve) site is EWR6 at Nkongoma (25°23′25.8″ S; 31°58′28.0″ E), as shown in Fig. 1 . This site is adjacent to the KNP and is the last EWR site on this river before its confluence with the Komati River, within a few kilometres of the border with Mozambique. The nearest gauged flows for this EWR site is the South African DWA gauge X2H016 at Tenbosch (25°21′50″ S, 31°57′20″ E), the approximate distance along the river course between these two sites is 6.7 km. Gauge X2H016 is also an important gauge for monitoring the Crocodile (East) rivers contribution to cross-border flows of the Incomati River as part of the IIMA.
Care was taken to ensure that the most up-to-date EWR FDCs for the Crocodile (East) River were selected for use in the analysis, for a "C" recommended ecological class (REC). This was the recommended class at the time of analysis, since the final class had yet to be set (ICMA 2010) . Thus the preliminary C class FDC rule table used for this analysis is displayed in Table 1 and emanates from a comprehensive reserve determination study (DWAF 2010) . The daily and monthly data for this gauge were accessed via the DWA hydrology page at http://www.dwa.gov.za/hydrology/. In terms of the monthly data, the DWA gauge data was then "cleaned" to remove poor or inconsistent data as specified by DWA.
Since most EWR rule tables are in units of average daily flows in m 3 s -1
, the daily flow data required no conversion. However, total monthly flow data are given in values of million m 3 (hm 3 ) per month. These were therefore converted to an equivalent average daily flow in m 3 s -1
. In order to express data graphically along an FDC these data were then compiled into values for each month, i.e. "all October flows" and "all November flows", and so on. We present data according to the hydrological year where month number 1 relates to October and 12 to September, the convention used for the eastern seaboard of South Africa. These monthly/ daily data were then separated into periods of interest for this study : 1960-1983, 1983-2000, and 2000-2010 , before being transformed to the same format as the EWR rule tables, in the form of FDCs using the method of Vogel and Fennessey (1994) .
The historical daily flow data were also subjected to double-mass analysis for qualitative uncertainty analysis using the method of Slarcy and Hardison (1966) . Since the Crocodile River is a highly modified catchment, the reference flow pattern was determined from five gauges along its tributaries (X2H010, X2H012, X2H014, X2H015, and X2H022), which are shown in Fig. 1 .
Determination of the extent of reserve non-compliance
The resultant FDCs were then incorporated into an XY scatter plot along with the EWR curve for that month, as in Fig. 2 . The point at which the average daily flow falls below the EWR curve was taken as the point where flows at this section of river were deemed non-compliant with the reserve. Thus this point is read-off from the x-axis and subtracted from 100% to yield the percentage of time within given months that the ecological reserve was not met. A similar methodology, for example, has been applied in scenario analysis for assessing multi-sectorial streamflow allocation planning, accounting for reserve requirements in small to medium sized catchments in South Africa by Hughes (2006) . The tallied results allow one to assess the extent of non-compliance with the ecological reserve in terms of:
-percentage of time this occurred during any given months; -total number of months non-compliance occurred over a period of interest; and -seasonality, i.e. did non-compliance occur during wet months (November-March), or dry months (May-October).
Magnitudes of non-compliance
To take the study a stage further, in order to understand the nuances of non-compliance, additional analysis was required to determine the magnitudes by which the ecological reserve was not met. This necessitated conversion of both the non-compliant flow and its corresponding reserve value into volumetric equivalents for the month in equation (1). An example is shown in Fig. 3 , where a flow is observed to be below the reserve requirement between the 80th and 90th percentiles. In this hypothetical example, a daily average flow value of 1 m 3 s -1 was recorded during a certain May month in the period of interest, and it was distributed on the 89th percentile. Since the actual flow value is known, but the reserve requirement is not known for the 89th percentile, this value is interpolated in a spreadsheet function based on known reserve requirements at the 80th and 90th percentiles, which is calculated as 1.56 m 3 s -1
. Thus the reserve was not met in this particular case by 0.56 m 3 s -1 . The total monthly equivalent volume for both the ecological reserve and the non-compliant flow are then determined as follows:
where Q is average daily discharge, T d is the total time in days for a given month, and Q m is total monthly volume (accumulated discharge). Thus, in the example described in Fig. 3 , the total monthly volumetric reserve requirement was 4.18 hm 3 , the average monthly flow was 2.68 hm 3 , and so the reserve was not met by some 1.5 hm 3 .
Contiguity of non-compliance
In order to assess whether the river was non-compliant with meeting the environmental flow requirement, a distinction is made between one-off and continuous occurrences of non-compliant flows. For instance, several successive months of non-compliant flows would be deemed to be a severe infringement on the sustainability of the river. than the subsequent two periods. This is verified with the doublemass plot, where three distinct periods are observed, with slopes of 0.61, 0.17, and 0.14 for 1960-1983, 1984-2000, and 2000-2010, respectively . One-way analysis of variance revealed that the average daily flows for these three periods are significantly different (P = 0.00, F = 67.35).
RESULTS AND DISCUSSION
Flow regime analysis
Extent of non-compliance
The results of the FDC analysis for the three periods of interest, 1960-1983, 1983-2000, and 2000-2010, Fig. 3 Example determination of the difference between an observed non-compliant flow and an interpolated reserve requirement, for hypothetical May months.
A methodology for historical assessment of compliance with environmental water allocations 837 which in this section we term periods 1, 2, and 3, respectively, are shown in Fig. 5 . Here, the black line represents the modelled natural flow (from WR2005), the light grey line the C class EWR, and the dark grey (blue) line the observed flows for that month in the historical period.
There is a clear change in the natural flow regime with increasing flows from October to February during the summer rainfall months; thereafter, discharge decreases from late summer into the dry winter period up to September. Furthermore, annually the EWR ranges between 6.2% (January) and 40.8% (May) of natural flow. Key trends in the flow regime emerge on a month-by-month basis from Fig. 5: (a) Between periods 1 and 2, October shows similar flow regimes; however, greater discharges are absent in period 2. Meanwhile, period 3 shows a significant reduction in discharge overall to a regime close to that required by the EWR. Since October is typically a low-flow month at the end of dry season, the data suggest that abstractions have increasingly impacted on the yield of the catchment by period 3. The extension of large irrigated agriculture and increases in water use at the lower end of the Crocodile River is thus a plausible explanation for this trend. (b) November and December generally show a continual decline in discharge from period 1 to 3. (c) January shows a decline from period 1 to 2, with similarity in flow regime between periods 2 and 3. (d) February, typically the wettest month in this catchment, shows no significant change between periods 1 and 2, but a lowering of the flow regime to period 3. (e) March shows a similar trend to February, with a not-so-significant decline in flow in period 3. (f) April and May show very similar changes, with a lowering of discharge from period 1 to 2, similar discharge volumes remain at the higher percentiles of the flow regime in period 3, whilst lower percentiles show higher flows than the previous two periods. Possible reasons for this include higher baseflows as a result of a climatic wet-cycle in the latter part of the 2000-2010 decade. Alternatively, this may also be due to an improvement in river management resulting from operational releases from Kwena Dam. Further analysis against naturalized flows would reveal whether the latter possibility has resulted in reversed seasonality of flows which have occurred in other parts of the Incomati basin. (g) June, July, August, and September, the winter low-flow months, all show a significant drop in the flow regime from period 1 to 2; importantly, there also appears to be an absence of larger discharges at the lower percentiles of the flow regime in period 2, with further loss of larger discharges at the lower percentiles in period 3. This suggests that recent management of the river in the past three decades may have resulted in the partial homogenization of the flow regime, most likely as a result of capturing the flood peaks by Kwena Dam. Also significant in these low-flow months is the shift left of the inflection point between the observed flow and EWR curves.
Overall incidence of non-compliance (EWR)
Figure 6(a) shows summary statistics for these three periods as percentage of time the rivers flow regime was non-compliant with the EWR. These results suggest that there is a pattern of increasing non- 1960 and 1983, 1983 and 2000, and 2000 and 2010; comparison with: (a) using daily average and monthly average flows for the latter period; and (b) using the total (low and high flow reserve).
compliance over the three periods since 1960. The average incidence of failure across all months is 14%, 35%, and 39% for each period, respectively. Several aspects to note from this figure are: the stark contrast in non-compliant flows within period 1, as compared to periods 2 and 3, where there was at least a doubling in per cent time non-compliance throughout the year in the latter two periods. Meanwhile, summer rainfall months (November-March) had very low/or complete absence of non-compliance in the first period, whilst the latter two periods had non-compliant flows~20% of the time. In all three periods noncompliant flows increased in the dry winter months (May-September), but, whilst this occurred 20% of the time in period 1, it was typically 40-70% in periods 2 and 3. The worst cases of failure are evident for the latest period starting in 2001 between June and September (dry season), where there is noncompliance for at least half the time. Non-compliant flows were generally equal, if not greater, in period 3 than period 2 throughout the months. Figure 6 (a) also provides a more detailed analysis based on daily flow between 2000 and 2010 (since the signing of Piggs Peak Agreement and the IIMA, as well as more concerted IWRM practices). During this period, increased or complete compliance with the ecological reserve would be expected to appear as a result of IWRM implementation. Despite this, the third period indicates a high degree of non-compliance. Daily average flow data suggest greater frequency of non-compliant flows in summer months by between 10% and 30%, and approximately equal agreement during winter months, as compared to the monthly data. This would be expected since the monthly data would average out the wet season rainfall-runoff variability. The monthly data would also average out the demand variability in water abstractions during dry spells within the wet season. Overall, the percentage time of failure varied between 30% and 82%, most notably in the dry season, but surprisingly in the wet season as well. Failures were recorded in all months when daily data were examined.
For additional context, Fig. 6 (b) displays the same periods, but against compliance with meeting the total reserve (both low flows and high/flood flows) rather than the low flows in isolation. It is noted that, in this case, the average incidence of failure across all months is 14%, 42%, and 46% for each period, respectively. Dry winter months show similar levels of non-compliance with the low flow and total reserves, and this is to be expected given the strong seasonality in this river system. Therefore, the increase in non-compliance arises in the wet summer months, as observed in Fig.  6(b) . Reasons for this are speculative and warrant further investigation, but may be due to two principal factors: first, total reserve non-compliance remains the same for period 1, which is prior to the construction of Kwena Dam and other smaller dams on the Crocodile River's tributaries; and second, the greatest increase in non-compliance for the total reserve is observed in November at the start of the wet season, when typically dams are at their lowest levels. Both factors suggest a significant effect of the dams capturing the flood flows in the river system.
Magnitude and contiguousness of noncompliance
Figure 7 reveals the magnitude of infringements by which the EWR was not met, in order to give context to the aforementioned results. In order to interpret this data set it is important to be cognizant of the following:
-the EWR Required Volume (EWRRV) is the flow volume that is expected to be met at the relevant percentile for the actual observed flow at that gauge in a given month; and -the Observed Flow Shortfall (OFS) is the volume by which the EWRRV was not met.
Thus, if there is a big gap between the EWRRV and the OFS, then the magnitude of not meeting the specified reserve flow is small (i.e. a minor infringement of compliance); however, if the EWRRV and the OFS are similar, the magnitude of not meeting the specified reserve flow is large (i.e. a major infringement of compliance); and if the EWRRV and OFS are equal, then the river has effectively ceased flowing and the magnitude of non-compliance would be 100%. Rainfall data provide additional context to the data set and were derived from the Water Resources of South Africa database, the WR2005 (Middleton and Bailey 2009) , to create an average for the entire catchment. However, since the WR2005 data set had data only until December 2004, the remaining period (2005) (2006) (2007) (2008) (2009) was supplemented with rainfall data from the Agricultural Research Council of South Africa raingauge at Nelspruit, in the centre of the catchment.
In Fig. 7 , we see that during the 1960s and 1970s non-compliance with the EWR rarely occurred, given the large continuous periods where the river flows were compliant (e.g. [1971] [1972] [1973] [1974] [1975] [1976] [1977] [1978] .
Where the river flows were non-compliant, the magnitude of the infringement was relatively small, i.e. the volume shortfall was comparatively small; see, for instance, the large gap in EWRRV and OFS during the non-compliant flows in [1965] [1966] . However, towards the late 1970s and early 1980s, when agricultural developments began to increase in intensity, the frequency of non-compliance increased substantially and was largely contiguous in nature, i.e. there were successive months of non-compliant flows, such as 1979, 1982, and 1983 . In this period, the magnitude of non-compliance was large, in that the EWRRV and OFS were similar, if not equal. However, this period coincided with very low rainfall and would be considered a drought period.
During the early and mid-1980s, infringements continued to occur and were contiguous but limited to the dry-season months (May-September), whilst the magnitudes were relatively minor, given the large gaps between EWRRV and OFS. However, the early 1990s had a long period of contiguous and large magnitude infringements, where the river came close to a cessation of flow, given the close relationship between the EWRRV and OFS. Whilst this contiguity of non-compliance occurred in almost every month in the hydrological year, the magnitudes were more pronounced in the dry winter months. This also coincided with a significant and lengthy drought period linked to El niño. A short dry period in 1998 also resulted in large and contiguous infringements.
The latest period 2000-2010 showed several years of almost contiguous and large infringements with meeting the reserve (note that in 2000-2001 the gauges on this river system were damaged due to the February 2000 floods and this data on flow is missing from the analysis). These infringements coincide with dry-season flows, which may be expected given the significant demands placed on the lower reaches of the Crocodile River by run-of-river irrigation abstractions for perennial cultivation of sugarcane. However, in contrast to period 2 where the magnitudes of the infringements were close to the total volumes required by the EWR, in the latter period these infringements were not so great; for instance, if one compares 1991-1995 with 2002-2005 . However, the last three years of the analysis (2007) (2008) (2009) (2010) show that the frequency of infringements has declined and that the magnitude of these infringements has also declined. Coincidentally, this is the same period during which the Inkomati Catchment Management Agency became an operational institution. Important to note is that, under the ICMA's mandate, consensus-driven adaptive river system operations commenced in earnest from 2009 onwards making use of real-time river information systems. The continued analysis of this sort into the future will demonstrate whether this shift from a passive river management approach to one that is both active and adaptive will improve the sustainability of the river use, should one observe increasing compliance with the EWR.
Potential uncertainties in the analysis
Jain (2012) suggests that raising the awareness on the need for environmental flows should be coupled with mechanisms to ensure compliance with environmental flow releases and management. The outcomes of this study show that this can be achieved through a relatively straightforward desktop analysis, which it is hoped will form the basis for future methods of testing a rivers sustainability performance should the benchmark be an EWR or similar. The obvious contention here may be that the analysis used different lengths of record, i.e. for periods 1, 2, and 3 the analysis compared 23, 17, and 10 years of hydrological data, respectively. An increase in the length of record will increase the number of hydrological records and, therefore, reduce the effect of hydrometric errors in the period of interest (Smakhtin 2001) . Therefore, there is a probability of a left and/or right shift in the FDC curve, which could alter the intersection point of the FDC with the EWR curve, giving the interpretation an element of uncertainty.
Nevertheless, since the analysis here makes use of accurate river flow gauged data, the interpretation can be said to be at least semi-quantitative given these uncertainty bounds. The double-mass analysis also revealed three distinct hydrological periods in this river, which tallied with our own suggested river management periods. This alleviates the uncertainty in our assumptions on potential impacts on the sustainability of the Crocodile River. Furthermore, it provides a basis upon which non-compliant flows can be interpreted for causality, as well as being a means to cross-check the validity of the findings.
Importantly, it has recently been emphasized that there is a plethora of reserve determination methodologies available, and these are continually evolving, leading to inconsistent application across South Africa's river systems, but also elsewhere (King and Pienaar 2011) . The same document raises the point of formalizing compliance monitoring, since there is no programme as yet that can be used to effect reserve implementation, augment adaptive management strategies, and to test the assumptions made on the relationships between aquatic biota and hydrological regimes. To this end, this relatively simple desktop methodology could be used as part of a formal compliance monitoring programme.
CONCLUSION
This analysis has revealed interesting changes to the Crocodile Rivers flow regime, between three distinct historical periods, with an obvious deterioration in flow in these subsequent periods of catchment development since the 1960s. This was noted in all aspects of the analysis: extent (% of time), magnitude (volumetric), and contiguity of non-compliant flows. Interestingly, the most recent figures suggested that, whilst there had been little change in the contiguity of flows being non-compliant to the EWR, the magnitudes by which these flows were not met were not as severe as in earlier periods. This suggests that some improvement in the management of the river can be achieved. However, this also demonstrates the importance to continually monitor all aspects of being non-compliant with the EWR. To our knowledge, an assessment of a river's performance in meeting its stipulated EWR has not been conducted to date. It represents a sound point of departure for future assessments of sustainability in the context of IWRM implementation and in developing more robust methods for assessing EWR compliance. This is particularly necessary since EWRs are now often being integrated into river systems operations.
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